Summary. The food intake of six rams was restricted for 3 months, resulting in a reduction of body fat to less than 12% of live weight, compared with 25 to 49% in well-fed controls. At the end of this period of undernutrition, blood flow and the uptake of oxygen and glucose in unit weight of testis, when estimated during anaesthesia, were lower than in the controls, and testis weight was reduced. The fraction of oxygen uptake that could be accounted for by the oxidation of glucose was unchanged, although the respiratory quotient was slightly higher in the underfed rams. Oxygen uptake by homogenates and mitochondria from the testes of underfed rams was lower under most conditions of incubation applied.
INTRODUCTION
Early workers were able to demonstrate by histological examination that under¬ feeding brought about degenerative changes in the testes of pigeons (Grandis, 1889) , rabbits and guinea-pigs (Simonowitsch, 1896) . In man, undernutrition has also been reported to result in decreased libido and semen production (Miles, 1919; Rubner, 1919) , while in the dog a fall in both the concentration and motility of spermatozoa in the semen has been observed (Poiarkov, 1913) . Many subsequent investigations have confirmed the importance of nutrition for testicular function {see Leathern, 1959;  Moustgaard, 1959; Moule, 1963) . Although the mechanism by which undernutrition affects testicular function is not fully understood, there is evidence that this effect is mediated, at least in.
150
. P. Setchell et al. part, by the anterior pituitary gland (Samuels, 1950) , and the condition has been referred to as 'pseudohypophysectomy' (Mulinos & Pomerantz, 1941) .
The purpose of the present study was to define the changes in blood flow and the uptake of glucose and oxygen in the testis and epididymis of the under¬ nourished ram, and to examine the effect of undernutrition on the production of testosterone.
MATERIALS AND METHODS
ANIMALS AND FEEDING REGIME Twelve rams aged 3 to 5 years (eight of the Merino breed and four English Leicester Merino cross), weighing between 40 and 65 kg, were allocated at random to two groups. In January 1963, six rams were placed in one pen and fed ad libitum on a mixture containing 12-5% crude protein, consisting of equal parts of chaffed lucerne hay and oat grain, of which they ate about 1500 g/ sheep/day, representing approximately 6000 kcal/day. The other six rams were kept singly and fed 500 g/day of a mixture of equal parts of chaffed lucerne and wheaten hay. This ration contained 10-5% crude protein of which about 80% was digestible and 2000 kcal gross energy of which about 60% was digestible. All rams were given vitamins A and D (500,000 units of each) 8 weeks after the start of the experiment. The well-fed group gained weight for 4 to 6 weeks and then stayed reasonably constant at 57 to 83 kg bodyweight. The second group lost weight throughout the experiment at an overall rate of 0-6 to 1 -2 kg/week (total weight loss 22 to 38% of initial weight), but to maintain this rate of weight loss after 11 weeks, the amount fed had to be reduced to 300 g/day.
COLLECTION OF BLOOD AND TISSUE

Blood samples
were collected from the jugular vein at fortnightly intervals. The plasma was analysed for protein by the method of Tombs, Souter & Maclagan (1959) and for glucose by the method of Huggett & Nixon (1957 . An estimate of testicular blood flow was obtained from ten sets of blood samples withdrawn during 20 min through the carotid and spermatic venous catheters using tritiated water as the dilution substance . These blood samples were also used to determine arteriovenous (a-v) differences in plasma glucose concentration. Oxygen saturation and haemoglobin concentration were determined on the second, fifth and ninth sets of samples, using methods previously described .
Immediately after drawing the blood samples for the estimation of blood flow further samples of 40 to 60 ml were removed, at a rate of about 6 ml/min, from each spermatic vein. These were used for the determination of testosterone by the method of Lindner (1961, 1963) . Portions of the testis were then taken for histological and in-vitro metabolic studies, and the epididymis was dissected off for the estimation of its content of spermatozoa (Ortavant, 1952; Amann & Almquist, 1961) . The rams were kept anaesthetized for a further 5 hr. At the end of this period a blood sample was removed from the jugular vein for a tritium determination, from which total body water, and hence body fat, was estimated (Panaretto & Till, 1963 (1959) (0-1 ml of the tissue preparation to a total volume of 0-5 ml, or 0-4 ml to a total volume of 2-0 ml, depending on the size of flask used). Substrates used were glucose, citrate and glutamate (each 10 mM) in the medium described as 'standard', and acetate, ß-hydroxybutyrate (each 10 mM) and octanoate (1-67 mM) in the special medium described by Gallagher & Buttery (1959) in (Threadgold, 1957) or fixed in Zenker's fluid and stained with periodic acid Schiff to stain the basement membrane (Montagna, 1952) . ' The mean diameter of the seminiferous tubules was determined according to the method of Hay, Lindner & Mann (1961) .
RESULTS
TESTIS WEIGHT AND BODY COMPOSITION
Fat constituted 25 to 28% by weight of the body of four well-fed rams and 49% of the fifth; all the underfed rams had less than 12% fat. The size of the testis, whether expressed as weight (Text- fig. 1 ) or as a percentage of body weight, was markedly smaller in the underfed rams. In the well-fed rams the testes were 0-38 ±0-025% (mean and s.e. of mean) of the body weight, whereas in the underfed rams, they were 0-27 ±0-018% of the body weight. A parallel reduc¬ tion in epididymal weight was observed, and the weight of the epididymides of the underfed rams retained the relationship to testicular weight previously observed in adequately fed rams . No other organ examined constituted a lower percentage of body weight in the underfed animals than in the well-fed animals. Thus brain, lungs, thyroid and suprarenals maintained their absolute weight. Liver, heart, gut and the muscles of the thigh (semimembranosus, biceps femoris, semitendinosus and gastrocnemius) lost slightly less weight than the body as a whole, and kidney and spleen lost the same proportion of their weight as the whole animal.
Plasma protein concentration in the underfed rams declined slightly during the experiment, and by the second week there was a significant difference between the two groups. However, the mean plasma protein concentration in the underfed rams was 7-2 ±0-2 g/100 ml after 11 weeks of underfeeding when that of the well-fed rams was 8-8 ±0-3 g/100 ml.
TESTICULAR BLOOD FLOW
The blood flow through unit weight of testis and epididymis was lower {P < 0-05) in the undernourished rams, and, since testicular weight was also lower, the total blood flow through the testis and epididymis was markedly reduced. Blood flow through unit weight was related to testicular weight, particularly when this was less than 150 g (Text- fig. 1 ). Table 6 .
to the medium, the oxygen uptake of cell particles from both groups was increased, but the observed increase was much larger for the preparations from well-fed rams. The oxygen uptake by cell particles in media containing acetate or ß-hydroxybutyrate was related to the weight of the testis (Text- fig. 2 ).
testosterone output
The output of testosterone by the testes of the underfed rams was markedly less than that by the testes of the well-nourished rams (Text- fig. 3 ). The values for testosterone output in the well-fed anaesthetized rams (3-5 ±0-7 mg/ram/ day) were similar to those seen in the conscious rams (2-8 ±0-3 mg/ram/day). In the underfed rams, the testosterone output was only 0-4 ±0-2 mg/ram/day. Testosterone output was closely related to the weight of the testis and to the concentration of testosterone in the blood flowing through the internal spermatic veins. There was a less definite relationship between the output of testosterone and plasma flow through unit weight of the testis and epididymis, although this too was less in the undernourished animals (Text- fig. 3 ).
The weight and fructose content of the seminal vesicles were also considerably less in the underfed rams ; both measurements were related to testosterone out¬ put at the lower levels, but tended to approach maximal values when the output of testosterone was more than 100 µg/hr (Text- fig. 4 ).
Interstitial cells were clearly visible in the Sudan black stained preparations from the well-fed rams (PI. 1, Fig. 3 fig. 4 ).
The seminiferous tubules of the testes of the well-fed rams were normal and showed active spermatogenesis (PI. 1, Fig. 1 factors was limiting, nor can it be decided from the results of the present experiment whether the effects observed were due to a direct action of under¬ nutrition on the testis or whether they were mediated by the anterior pituitary gland. Many experiments involving castration and testosterone injection indicate that the weight of the accessory glands and the secretion of fructose and citric acid by these glands are dependent on androgen secretion {see Mann & LutwakMann, 1951) , and this relationship has been used to assess the androgen status of underfed animals. Thus seminal vesicles and prostate glands were found to be small in underfed rats and mice (Moore & Samuels, 1931; Mason, 1933) and contained less fructose and citric acid than in well-fed controls . P. Setchell et al. . Fructose and citric acid were lower in the semen of a bull when it was undernourished (Mann & Walton, 1953) , and the appearance of fructose and citric acid in the semen of underfed bull calves was delayed (Davies, Mann & Rowson, 1957) , suggesting that androgen output is reduced by undernutrition. The present results, obtained by direct measurement of the testosterone output of the testis, are in full agreement with these reports.
The observed reduction in the testicular androgen output of underfed rams provides a possible explanation for the observation that libido is decreased in such animals (Mori, 1959) , a response resembling that of men during famine (Rubner, 1919; Abel, 1923; de Jongh, 1948; Stolte & Hoogland, 1948; Davis, 1951; Widdowson, 1951) and experimental undernutrition (Miles, 1919; Keys, Brozek, Henschel, Mickelsen & Taylor, 1950) . However, decreased libido was not noted during marked reduction of body weight in guinea-pigs (Simonowitsch, 1896) and in rams fed a nitrogen-free diet (Warnick, Meacham, Cunha, Loggins, Hentges & Shirley, 1961 ), but libido is notoriously difficult to measure and may be affected by many factors other than androgen output.
In the bull, testosterone secretion is closely related to the amount oftestosterone in the testis (Lindner, 1961) and the latter is related to the weight of the seminal vesicles, to their content of fructose and citric acid (Lindner & Mann, 1960) and to the diameter of the seminiferous tubules (Hay, Lindner & Mann, 1961) . A similar relationship between testosterone secretion on the one hand and weight and fructose content of the seminal vesicles and tubular diameter on the other, has now been observed in the ram.
The administration of human chorionic gonadotrophin at least partially reversed the effects of inanition on the size and activity of reproductive organs in male rats and bulls, despite continued underfeeding (Mason & Wolfe, 1930; Mulinos & Pomerantz, 1941; Davies, Mann & Rowson, 1957) . These findings lend support to the view that the primary effect of undernutrition is on the rate of release of gonadotrophic hormones from the pituitary gland. However, both Leathern (1959) and Mann & Rowson (1960) suggested that the responsiveness of androgen target organs was also diminished during inanition. In our experi¬ ment, the reduced testosterone production by the testes of the underfed rams in itself may have brought about a further reduction in the activity of the germinal epithelium (Walsh, Cuyler & McCullagh, 1934; Nelson, 1937; Woods & Simpson, 1961) and hence in testicular metabolism.
Our estimations of testosterone output were done under different conditions from those previously reported in that the testes of the rams were maintained in their normal relationship to the heart, and blood flow was measured without major surgical interference. Posture is important, for it has been reported that in anaesthetized rams lying on their backs with the testes at about the level of the heart, testicular blood flow was very variable and generally double that of standing rams . Thus, the concentration of testosterone in spermatic venous blood collected under anaesthesia from the well-nourished rams was of the same order as that determined in anaesthetized rams lying on their backs by Lindner (1963) , but blood flow was considerably lower in the present experiment in which the normal upright posture of the animals was maintained. The results obtained with conscious rams suggest that a short period of barbiturate anaesthesia does not appreciably affect the concentration of testosterone in the spermatic venous blood.
In agreement with an earlier finding in the rat (Jackson, 1925) , testicular weight was reduced by undernutrition more severely than the weight of the body as a whole. Furthermore, blood flow through unit weight of testis was con¬ siderably lower in the underfed rams. The total blood flow through the testis was therefore markedly less in the underfed rams than in the well-fed controls. This difference greatly exceeded the percentage decline in cardiac output observed in man during semi-starvation (Govaert & Lequîme, 1942; Landes, 1943; Landes & Arnold, 1947; Keys et al., 1950; Howarth, 1951 (Howarth, 1951) , but kidney does not (Dicker, Heller & Hewer, 1946; Mollison, 1946; McCance, 1951) .
The reduction in testicular blood flow in the underfed rams was attended by a reduction in oxygen and glucose uptake. A reduction in oxygen uptake per unit body weight was not a constant finding in man during undernutrition (Beattie & Herbert, 1947; Howarth, 1951) , but when observed, it was pro¬ portionately less than the concurrent reduction in cardiac output (Keys et al., 1950) . Analogously, arterio-venous differences of oxygen and glucose in the ram testis were the same in well-fed and underfed animals. Hence the observed decrease in oxygen and glucose uptake must be attributed entirely to the changes in blood flow. The decrease in oxygen consumption by the testis contrasts with the increase in oxygen consumption by unit body weight observed in underfed sheep (Graham, 1964) .
The oxygen uptake by homogenates and mitochondrial preparations from the testes of underfed rams was generally lower than that of tissue preparations from well-fed rams. Waterlow (1961) observed no change in the respiration of liver homogenates of children during malnutrition, although phosphorylation was decreased. In sheep, metabolic activity of liver mitochondria fell only when the rate of weight loss exceeded 0-15 kg/day (Koch, 1963) . Our sheep were larger than those used by Koch and only one lost more than 0-15 kg/day during the week before the testis samples were collected. Thus metabolic activity of the testis would seem to be more susceptible to the effects of undernutrition than that of liver. The maximal rates of oxygen uptake observed in vitro (100 µ oxygen/mg N/hr, equivalent to approximately 45 Mmole/g fresh weight/hr) were considerably higher than those measured in vivo (about 16 mnole/g/hr). It must be borne in mind, however, that the oxygen uptake of homogenates, when substrate and cofactors are not limiting, is not necessarily equivalent to oxygen uptake in vivo but more closely reflects metabolic potential.
The histological appearance of the testes of the underfed rams was similar to that described in underfed rats by Siperstein (1921) and Mason (1933) . In view of the importance of glucose in the metabolism of the testis (Annison, Scott & Waites, 1963; , it is interesting to note that similar lesions were described in hypoglycaemic rats (Mancine, Penkos, Izquierdo & Heinrich, 1960) .
Striking effects on male reproduction have been induced by feeding diets deficient in vitamins , or E (Moore 8c Samuels, 1931 ; Mason, 1933; Gunn, Sanders & Granger, 1942; Lutwak-Mann & Mann, 1950) . There is no reason to believe that our underfed rams were affected by vitamin deficiency, since vitamins A and D were liberally supplied. Vitamin E deficiency is not asso¬ ciated with reproductive abnormalities in sheep (Blaxter & Brown, 1952) , and deficiency of the vitamin group other than vitamin B12 has never been observed in the ruminant because of microbial synthesis of vitamins in the rumen (Kon & Porter, 1954) . For similar reasons, specific amino-acid deficiencies, which may cause reproductive failure in male laboratory animals (Maun, Cahill & Davis, 1945 , 1946a Adamstone & Spector, 1950) 
